Background: Cell cycle proteins and HIF-1α with downstream factors are often abberrantly expressed in (pre)neoplastic tissue. Methods: Paraffin-embedded specimens of inactive endometrium with TM (n = 15), ovarian inclusion cysts (n = 6), cervix with TM (tubal metaplasia) (n = 3), Fallopian tubes (n = 7), cycling endometrium (n = 9) and a ciliated cell tumor of the ovary were stained for p16 and LhS28. 39 Endometrioid endometrial carcinomas and 5 serous endometrial carcinomas were stained for p16. Additionally, inactive endometrium (n = 15) was immunohistochemically stained for p21, p27, p53, cyclin A, cyclin D1, cyclin E, HIF-1α, CAIX, Glut-1 and MIB-1. Results: A mosaic pattern of expression of p16 was seen throughout in all cases of endometrial TM (15/15), in 2/6 of the ovarian inclusion cysts with TM, in all (3/3) cervical TM and focal in 5/7 of Fallopian tube cases. Mosaic expression was also seen in a ciliated cell tumor of the ovary and in 18/39 of endometrioid endometrial carcinomas, and diffuse p16 expression was seen in 5/5 serous carcinomas. In comparison with normal endometrium, TM areas in the endometrium showed significantly increased expression of HIF-1α, cyclin E, p21 and cyclin A, and decreased expression of p27. Membranous expression of CAIX and Glut-1 was only seen in TM areas, pointing to functional HIF-1α. Conclusion: As p16 is consistently expressed in TM, less and only patchy expressed in the normal Fallopian tube, is paralleled by aberrant expression of cell cycle proteins, HIF-1α, CAIX and Glut-1 and resembles the pattern of p16 expression frequently seen in endometrial carcinomas, we propose endometrial TM to be a potential premalignant endometrial lesion.
Introduction
The tumor suppressor gene p16, also known as INK4A, or MTS1, is located on chromosome 9p21. It encodes the cell cycle regulatory protein p16, a cyclindependent kinase inhibitor, which binds to cyclin D1-cyclin-dependent kinase (cdk) 4 and 6 complexes to control the cell cycle at the G1-S transition. p16 INK4A is considered to be a tumor suppressor gene as it inhibits cell proliferation by regulating cdk4 activity to prevent pRb phosphorylation, leading to G1 arrest. Therefore, inactivation of the p16 INK4A gene could lead to uncontrolled cell growth.
Alterations of p16 INK4A gene have been detected in various human tumors, but the role of this gene as a tumor suppressor in vivo appears to be dependent on tumor type. Loss of p16 function by point mutation, homozygous deletion or hypermethylation of the pro-moter region of the gene has been implicated in carcinogenesis of several human malignancies. p16 loss per se is not sufficient to induce tumorigenesis, but rather cooperates with exogenous stimuli (e.g. carcinogens) or other spontaneous mutations to facilitate malignant transformation [42] . On the other hand, overexpression of p16 has been described as well, for example in cervical intraepithelial neoplasias associated with oncogenic human papilloma virus (HPV) infections. In clinical practice, p16 is therefore used as a marker of dysplastic cervical cells [11, 21, 46, 51] .
The ciliated cell is a normal constituent of the human endometrium, increasing in number during age [15] . However, since the function of these cells within the endometrium is not clear, one could argue that these cells have actually undergone metaplastic differentiation to resemble those of the Fallopian tube showing a mosaic pattern of secretory and ciliated type cells, usually referred to as tubal metaplasia (TM) when it does not concern just scattered individual cells but glands or a stretch of surface epithelium completely composed of ciliated cells. There are more ciliated cells, tubal type secretory cells and reserve or intercalary cells than are normally present [35] . Endometrial TM may be extensive, may almost line the surface of the endometrium, especially in peri-and postmenopausal women. Ciliated (tubal) change is seen in normal endometrium, hyperplasia and carcinomas of the endometrium [19, 26] . All these changes are thought to reflect a mild degree of estrogenic stimulation [15, 35] .
This type of differentiation is frequently found in the gynaecological tract. In the cervix, TM refers to endocervical glands that are lined by a Müllerian-type epithelium that closely resembles that of the Fallopian tube. In the ovary, there are often epithelial inclusion cysts, that are traditionally thought to arise from cortical invaginations of the ovarian surface epithelium that have lost their connection with the surface. Recently, it has however been proposed that tubal cells may seed to the ovarian surface, are uptaken and form cysts. These cysts are typically lined by a single layer of columnar cells that are often ciliated, mimicking tubal epithelium [31] [32] [33] . Ovarian inclusion cysts are likely the site of origin for most common epithelial tumors of the ovary. Several studies have found that patients with ovarian carcinoma have an increased number of inclusion cysts in the contralateral ovary compared to controls [25, 36] . Others could not confirm that, but noticed as well more cortical invaginations in ovaries from women with contralateral ovarian cancer compared to controls [38, 45] . In patients at high hereditary risk of ovarian cancer undergoing prophylactic adnectomy, a high frequency of TM inclusion cysts showing aberrant expression of bcl-2, the progesterone receptor, Ki67 and p53 was found [33, 38] .
Interestingly, several authors have written about 'scattered patterns' or 'focal expression' of p16 positive cells in tubal or tubo-endometrial tissue of the cervix [6, 20, 27, 29, 34, 46] . They describe a pattern which is not seen in normal tissue, and is different from p16 immunohistochemically negative tissue and diffuse positivity, as is seen in high-risk HPV positive cervical intraepithelial lesions. Inoue considered in a review metaplasia in general to be a precursor of the variant types of endometrial carcinomas, based on the p53 accumulation and PCNA staining, and the fact that endometrial carcinomas are often accompanied by adjacent metaplastic epithelium [18] . However it is, for now, not a generally accepted view that endometrial metaplasias are a precursor of endometrial cancer.
To our knowledge, this observation has never been compared to staining for LhS28, a ciliated cell marker [8] . Furthermore, p16 expression in TM has never been placed in a broader context and the expression of p16 has never been studied extensively in TM in the endometrium or in inclusion cysts of the ovary. Interestingly, TM is not merely a process of terminal differentiation that should conceptually be absent in malignancy, as the uncommon endometrial ciliated cell tumour even shows exceptionally high tubal differentiation and may be malignant [14, 22] . Ciliated cell tumors of the ovary have also been described [10] . HIF1-α, the key regulator of the hypoxia response, has been shown to be expressed in endometrial carcinomas [44] , was seen to be expressed in TM areas in our study on the hypoxia response during endometrial carcinogenesis [16] .
This study was therefore undertaken to investigate p16 expression in TM in the endometrium, and to compare it to TM in the cervix and ovary, and to the normal Fallopian tube. It is generally thought that endometrial TM is a benign disease, although molecular studies are scarce. Aberrant expression of the proliferation marker MIB-1 (Ki-67) and proteins that are often involved in carcinogenesis such as cell cycle proteins and increased expression of hypoxia inducible factor (HIF)-1 alpha (the key regulator of the carcinogenetic hypoxic response) and its target genes Glut-1 and CAIX in endometrial TM, might necessitate to change the common view that endometrial TM is a purely benign lesion.
Materials and methods

Patients and tissues
Paraffin-embedded clinical specimens from inactive endometrium (n = 15), all showing areas of tubal metaplasia, normal Fallopian tubes (n = 7), ovaries with TM in inclusion cysts (n = 6), cervix (n = 3) with TM, secretory phase endometrium (n = 3), interval phase (n = 1), proliferative phase endometrium (n = 5), and serous (n = 5) and endometrioid carcinoma of the endometrium (n = 39), and one borderline ciliated cell tumor of the ovary were collected from the archives of the Department of Pathology of the University Medical Center, Utrecht, The Netherlands.
These tissues were derived from patients operated between 1992 and 2005. Haematoxylin and eosinstained sections were revised by 2 experienced gynecopathologists (PvD, DSG). Anonymous use of redundant tissue for research purposes is part of the standard treatment agreement with patients in our hospital [9] .
Immunohistochemistry
All slides were immunohistochemically stained for p16 and LhS28. Additionally, slides with inactive endometrium were further analysed for p21, p27, p53, cyclin A, cyclin D1, cyclin E, HIF-1α, Glut-1, CAIX, and MIB-1 (Ki-67) expression.
Immunohistochemistry was performed on 5 μm thick paraffin slides. Table 1 presents all antibodies, dilutions, incubation times and antigen-retrieval methods used. Slides were deparaffinized with xylene and rehydrated by serial ethanol dilutions.
For HIF-1α, endogenous peroxidase was blocked by hydrogen peroxide (Dako CSA kit), after which antigen retrieval followed. A cooling off period of 30 minutes preceded blocking of the avidin by biotin block (Dako; 10 min) and protein block (Dako; 5 min). Then, the primary antibody was applied followed by the catalyzed signal amplification system (Dako CSA kit). Slides were washed in Tris buffer in between.
For all other stainings, endogenous peroxidase activity was blocked for 30 minutes, followed by antigen retrieval. Additionally, slides were incubated with the primary antibody, followed by the secondary antibody after washing slides in between in PBS. Finally, for HIF-1α and other stainings, peroxidase activity was developed with DAB and counterstained with hematoxylin.
Positive controls were used throughout, see table for types of tissue. Negative controls were obtained by omission of the primary antibodies from the staining procedure.
Scoring of staining
Two authors (PvD, NH) scored all slides blinded to clinicopathologic data and results of other stainings. For p16, cytoplasmic and nuclear staining were both considered positive. Each slide was examined for staining pattern, which was classified as negative (no positive cells), focal (some positive cells, though much less than "mosaic staining"), a "mosaic staining" pattern of secretory and ciliated cells, or diffuse staining. A mosaic staining was defined as a typical pattern of positive staining of 50-80% of cells, in a checkerboard pattern of positive and negative cells.
LhS28, a ciliated cell marker, only stained the apical side of the cell, where the basal bodies and cilia are situated; this type of staining was considered positive [8] . LhS28 staining was compared to p16 for colocalization in all slides.
For Glut-1 and CAIX membranous staining was considered positive staining. For all other proteins, the percentage of dark, homogenously stained nuclei was estimated as before [50] , ignoring cytoplasmic staining.
Statistics
Slides with parts of normal inactive endometrium and parts with TM were scored (% of positive nuclei) separately, and differences in expression were analyzed with non-parametric paired testing (Wilcoxon Signed Ranks Test). Two sided p-values < 0.05 were considered significant. All statistical analysis were performed with SPSS for Windows version 12.0.1, 2003 (SPSS Inc., Chicago, IL).
Results
p16
All (15/15) cases of endometrial TM showed a mosaic p16 expression pattern in the TM areas (Fig. 1B) . In the normal Fallopian tube, some focal p16 expression was seen in 5/7 cases (Fig. 1D) , 2 cases were negative. 3/6 cases of TM in ovarian inclusion cysts were p16 negative, while 1 case showed some focal positivity and 2 showed a mosaic pattern of p16 expression. One of the positive ovaries harboured 4 inclusion cysts (Fig. 1E, F) , one being p16 negative not showing much TM, but the other 3 smaller cysts were strongly p16 positive in a mosaic pattern and showed extensive TM. In the cervix all (3/3) cases with TM showed a mosaic expression of p16 expression (Fig. 1H) .
All normal parts of the proliferative endometrium (n = 5) stained negative for p16, the parts with ciliated cell change (n = 5) showed p16 positivity in a mosaic pattern. Interval phase endometrium (n = 1) was p16 negative. In the 3 slides with secretory endometrium 2 showed parts with TM, both of these showed p16 in a mosaic pattern in the TM, the normal parts were p16 negative (n = 1) or focally p16 positive (n = 1); one slide showed only normal secretory endometrium, which was p16 negative.
Serous carcinoma of the endometrium showed a diffuse pattern of p16 expression in 5/5 cases. Of 39 endometrioid endometrial carcinomas 1 was p16 negative, 7 were focally positive, 18 showed a mosaic pattern of expression, and 13 were diffusely positive. room temp staining device * All primary antibodies used are monoclonal antibodies, except for Glut-1 and CAIX. HIF-1α = hypoxia-inducible factor -1α. * * Neomarkers, Fremont, USA; Abcam, Cambridge, UK; Pharmingen, BD Biosciences, BD Pharmingen, San Diego, CA, USA; Dako, DakoCytomation, Glostrup, Denmark; Novus Biologicals, Littleton, CO, USA; Transduction, BD Biosciences, BD Transduction Laboratories, San Diego, CA, USA; Novocastra, Newcastle upon Tyne, UK. †TRS = Target Retrieval Solution, DAKO S1700. ‡CSA = catalyzed amplification kit, Dako; G-aR IgG = biotinylated Goat-anti Rabbit IgG (BA-1000, Vector laboratories, CA, diluted 1:500) + Strep AB (1) = Streptavidin peroxidase labeling (Streptavidin HRP, IM0309, Beckman Coulter, diluted 1:1000); Strep AB (2) = biotinylated rabbit-anti-mouse, diluted 1:500 in PBS, Dako, followed by streptavidin-biotin complex, diluted 1:200 in PBS, Dako; Strep AB(3) = biotinylated horse-anti-mouse, diluted 1:500 in PBS, Vector BA-2000, followed by streptavidin-biotin complex, diluted 1:1000 in PBS, Immunotech; PV = Powervision ready to use (Poly-HRP-anti Ms/Rb/RtIgG biotin free, ImmunoLogic, ImmunoVision Technologies, Brisbane, CA, USA).
In 2 endometrioid carcinomas, expression was particularly pronounced in the squamous parts. One cilliated cell tumor of the ovary showed the typical mosaic p16 expression pattern (Fig. 1J ).
LhS28 expression colocalized with p16 mosaic pattern in TM in endometrium (Fig. 1A, B) , cervix (Fig. 1G, H) , ovary and Fallopian tubes (Fig. 1C and D) and in ciliated cell tumor of the ovary (Fig. 1I, J) . 
HIF-1α, Glut-1, CAIX, p21, p27, cyclin A, cyclin D1, cyclin E
The TM areas in the endometrial cases were further analyzed for aberrant expression of cell cycle proteins (other than p16) and HIF-1α (Table 2 ). In comparison with normal parts of the endometrium, TM areas in the endometrium showed increased expression of HIF-1α (p = 0.005). The HIF-1α downstream genes Glut-1 and CAIX showed no expression in inactive endometrium, whereas TM areas showed positive cell membranes for Glut-1 in 4/15 cases and for CAIX in 2/15 cases, which colocalized with the HIF-1 α positive areas. TM areas also showed increased expression of cyclin E (p = 0.039), cyclin A (p = 0.001) and p21 (p = 0.005), and decreased expression of p27 (p = 0.007) compared to normal parts of the endometrium. For MIB-1 (Ki-67) no difference in staining between inactive endometrium and tubal metaplasia (p = 0.344) was noticed.
Discussion
The objective of the study was to assess p16 expression in TM in the endometrium in comparison with normal endometrium, normal Fallopian tube and TM in ovarian inclusion cysts and cervix; and to verify whether cell cycle proteins, HIF-1α, Glut-1 and CAIX were expressed equally in TM and normal parts of the endometrium.
On the basis of the data presented in this study, the comparison with the ciliated cell marker LhS28 and the published literature, we conclude that mosaic expression of p16 is a consistent phenomenon of TM in the female genital tract [6, 20, 27, 29, 34, 46] , especially in the endometrium. We also noticed, as others did before [15, 26] , that ciliated cells are more present during the proliferative phase compared to secretory endometrium. p16 expression has been observed before in cyclic endometrium, more in the proliferative than the secretory phase, but has not been studied and linked incessantly to TM as we did [4, 27, 29, 34, 43, 47] . The typical expression of p16 which we observed in TM was not seen that extensively in the normal Fallopian tube. In the ovary, p16 expression paralleled the degree of tubal metaplasia. A ciliated cell tumor of the ovary showed the typical mosaic pattern of p16 expression we observed in TM. We propose that TM of the endometrium could be a potentially premalignant lesion, based on the following arguments.
Firstly, aberrant expression of p16 is regarded as a carcinogenetic event in many tumors, including those in the gynecological tract. p16 is very frequently aberrantly expressed in cervical dysplasia and carcinoma [1, 6, 20, 24] where it may however be a bystander effect of HPV E6/E7 cell cycle activation without an inherent contribution to carcinogenesis, but in other malignancies the carcinogenetic role of p16 alterations are much better defined [13, 30] . Further, Umezaki [48] suggested that tubal metaplasia should be considered a neoplastic entity of uterine cervical glandular lesions that may have the potential to undergo malignant transformation, although this is up to now not a widespread view. Secondly, in the present study, p16 is also aberrantly expressed in TM in some ovarian inclusion cysts. These cysts have been proposed to be precursors of ovarian cancer [38] . In ovarian cancer, especially the serous type, p16 is often aberrantly expressed [2] . Furthermore, in endometrial carcinoma of the endometrium, p16 positivity rates vary from 30-94% [1, 4, 28, 37, 39, 42, 43, 47] , in endometrioid carcinoma especially in the squamous areas [20] , and aberrant p16 expression has also been found in endometrial hyperplasia [4, 47] . In serous and clear cell endometrial cancers, p16 positivity is also frequent [1, 2, 37, 39] , although the number of cases studied so far is low.
Additionally, we found that the TM areas in the endometrium showed aberrant expression of many cell cycle proteins, HIF-1α, Glut-1 and CAIX compared to normal tissue. The cell cycle consists of four phases: G1, S, G2, M. Cyclins form a complex with cyclindependent kinases and by doing this they make transition to the next phase of cell cycle possible. This will induce cell growth, unless inhibited by tumor suppressor gene products such as p53 or cdk-inhibitors (cdki's), such as p16, p21 and p27. The transition of G1/S is partly controlled by cyclin E and cyclin D1; p27 and p21 inhibit cyclin E; p16 and p21 inhibit cyclin D1. In the transition of S/G2 cyclin A plays a role, with the cdki's p27 and p21. Overexpression of cell cycle stimulating factors such as the cdk's and cyclins, and underexpression of inhibiting factors such as cdki's are frequently found in tumors. In general, aberrant expression of cell cycle regulators correlated with a more malignant subtype, a higher proliferation rate, recurrence and a worse survival in different tumors. We found a significantly higher expression of cyclin A, cyclin E and p21, and a lower expression of p27 in TM parts with TM compared to the normal endometrium, which points to disturbance of the G1/S, S/G2 and G2/M transitions in endometrial TM, consistent with potential premalignant change. Cyclin A and MIB-1 are markers for proliferation, the first being more expressed in TM, but this was not apparent for MIB-1. The changes in cell cycle regulators are however not accompanied with obvious morphological changes like in other dysplastic lesions. It is therefore not in this stage possible to morphologically discriminate potentially premalignant from harmless TM. As obvious dysplastic changes are lacking, it is also difficult to indicate to what kind of cancer TM could progress. In view of the p16 expression patterns seen in endometrioid and serous carcinomas, we suggest that both these cancers but especially serous cancer could be at the far end of the progression spectrum of TM.
It is unclear why HIF-1α is overexpressed in TM. HIF-1α is the key regulator of the hypoxia response, and has been implicated in carcinogenesis in many different epithelia including the female epithelia of the endometrium [16, 44] and breast [5] . In the absence of necrosis, it is unlikely that hypoxia causes HIF-1α overexpression. Therefore, the observed HIF-1α overexpression is possibly caused by aberrant expression of oncogenes and tumor suppressor genes that are known to be able to upregulate HIF-1α [41] . This deserves to be further studied.
Although HIF-1α is well-known as the key regulator for survival of hypoxic tumor cells, another direct effect of HIF-1α in hypoxia is proposed to be promotion of cell cycle arrest, for example by influencing p21 or p27 [7, 12] , however, this has not been studied in endometrial cells. Therefore, whether the increase in expression of p21 in TM in this study is HIF-1α-driven remains to be proven. The decrease of p27 in TM is inexplicable in relation to HIF-1α.
Glut-1 and CAIX are well characterized downstream targets of HIF-1α, which facilitate survival of cells in acid and low glucose circumstances. Carbonic anhydrase IX (CAIX) is a membrane-associated carbonic anhydrase, that plays a role in pH regulation [49] . A role for this enzyme in the adaptation of tumor cells to hypoxic conditions and in tumor cell progression is suggested by a significant overlap between CAIX expression and regions of hypoxia in solid tumors [23, 53] . In endometrial hyperplasia, expression of Glut-1, a glucose transporter upregulated by HIF-1α, appeared to be associated with (pre)neoplastic stages of the endometrium and is therefore proposed to be a useful indicator of high risk for development of endometrial carcinoma [3, 17, 52] . On the whole, these studies reveal an indication to preneoplastic progress in tissue expressing CAIX and Glut-1 in the membranes. This is remarkable as we noticed this type of expression in parts of TM.
In conclusion, ciliated cells are regarded by some to be normal constituents of the endometrium [23] . We show here that endometrial TM, the far morphological end of tubal differentiation, shows aberrant expression of several cell cycle regulators, HIF-1α, the key regulator of the hypoxia response, Glut-1 and CAIX. This implies that TM might not be as benign as generally accepted, and may in fact be a potential premalignant lesion. This warrants further molecular studies on genetic aberrations in TM to better found these preliminary results. In view of the consistent expression of p16 in a characteristic mosaic pattern in TM, p16 immunohistochemistry may help to identify TM areas in the gynecological tract as an alternative for the ciliated cell marker LhS28.
